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cDNA clones for rat liver 6-anilnolevuIinate syn- 
ihase have been isolated and used to examine mRNA 
levels in different rat tissues. Northern hybridisation 
analysis of total RNA from various rat tissues showed 
the presence of a sini^ 5-aminoleviiliBate synthase 
mRNA species of estimated length 2.3 kilobases. 
Primer extension and RNase mapping stadies indi- 
cated that the mENA Is identical in all tissues. Highest 
basal levels were seen in liver and heart, Adminlstra* 
tion of hemin to rats reduced the basal level of this 
mRNA only in liver but the heme precursor, 5-amino- 
levulinate (or its methyl ester), repressed Uie basal 
levels in liveri kidney, heart, testis, and brain. The 
drug 2-allyl-2-isopropylacetamide increased the 
mRNA level in liver and kidney only while human 
chorionic gonadotropin hormone elevated the level In 
testis. Administration of the heme precursor 5-8mino- 
levullnate prevented these Inductions. Nuclear tran- 
scriptional run-off experiments In liver cell nuclei 
showed that 2-aUyl-2-i8opropylaoetamide and ft-ami- 
nolevullnate exert their effect by altering the rate of 
transcription of the 6-aminolevulinate synthase gene. 
The resulU indicate that a single 6-ami&olevulinate 
synthase mRNA is expressed In all tissues and that lis 
transcriptloa Is negatively regulated by heme. 



6-AminolevuIinate synthsBe catalyses the first step of the 
heme bioBynthetic pathway end in the liver at least is rate- 
limiting (reviewed in Re&. I and 2). The eniyms performs a 
housekeeping function since all animal cells synthesise their 
own huDe for mitochondrial cytochromes and other cellular 
hemoproteins. The enqrme level is normally very low in 
animal tiasues bat is greatly elevated in the Uver of experi- 
mental snimsls fdlowing admimstration of a wide variety of 
poxpfayrinogeaic drugs such as AlA* and pheoobarbital (3). 
This biochemical response mimics the acute poiphyria dis- 
eases in man where hepatic S^aminolevulinate synthase levels 

* This research $na supported ia pait Iqr e gnnt from the National 
Health and Medical Reaeaxch Couttcfl of Aoatralla and by a Coaa* 
DMSwealth Special Research Centre giant. The coats of puhUcstion 
of this article were defrayed In part by the payment of page chaiges. 
nUs Article must therefore be hereby marked **ad»erti$emerU'* In 
accordance with 18 U.8.C. Section 1734 sole^ to indicate this &ct 

n udeotide aequenee(e) reported in this paper ha» been tubmitted 
to tht GenBanh'^/EMBL Data Bank with aeeestion numberfO 
J03190. 

t To whom co n e Bp o nrinn r c should be addressed. 

' The abbrwiationi used are: AIA. 2-allyl-2-isopropylacetamide; 
8DS, sodium dodccyl sulfate; HCG, human chorionic gonadotropin 
hormone: RNase, ribonudease; kb, kUobassCs); bp. base paiWa). 



are elevated during clinical attacks. Drugs which precipitate 
such attacks induce 6*aminolevu]inate synthase levels in ex- 
perimental enimals. These same drugs also induce the syn- 
thesis of hepatic cytochrome P-460 proteins, which are in- 
volved in the conversion of foreign compounds to water- 
sohible derivatives 

Granick (3) fust demonstrated that the end product heme 
prevented the drug-induced increase in hepatic 5-amiQolevu- 
linate synthase ensyms levela Work in our laboratory and 
elsewhere (reviewed hi Ref. 1) has suggested that heme acts 
by repressing the synthesb of 6-eminolevullaats synthase 
mRNA, but there has been no direct proof of this. Current 
evidence favors the hypothec that the poiphyiinogenic drags 
act by inducing synthesis of cytochrome P-450 spoprotein 
which results in a reduction m the heme ooncentntion, thus 
indirectly leading to sn increase in 6-aminolevutinste syn- 
thsse mRNA levels (1). Erythroid 5*aminolevufinate q^thase 
IS not induced by porphyrinogenic drugs (2), and this finding 
has led to the propoNsal that erythroid and hepatic 6-amino- 
levulmate synthases are distinct enzymes (4, 5). Indeed, it has 
been proposed that a multigene family exists for 6-anunolev- 
ulinate synthase with difierent mRNA species synthesized in 
diffeient tissues (6). However, recent work suggests that 6- 
aminolevulinate synthase mRNA is the sams in the liver and 
erythroid qileen of mice (7). 

We are interested in determining at the molecular level 
how heme regulates the gene for 5-aminolevulinate synthase 
m Uver and other tissues. cDNA (8, 9) and genomic clones 
(10) for chicken 5*aminolevulinate synthase have been iso- 
lated in this Isboratoiy. In this communication we report the 
isolation of cDNA clones for rat Uver &>aminolevulinate syn- 
thase and ptovide strong evidence that the mRNA is identical 
in aU rat tissues examined We have estabUahed that drugs 
increase the level of £*aminolevulinste synthase mRNA in a 
tiasue-specific fashion and that heme represses levels of this 
mRNA in all tissues examined except eiythroid spleen. Une- 
quivocal evidence has been obtained that the altered levels of 
hepatic 5-aminolevuUnate synthase mRNA observed after 
drug or heme administration are due to changes in the rate of 
transeriptaim of the gene. 

EXPERIMENTAL PROCEDURES 

Materioie^AIA was a generous gift from Roche. Avstralla. Hemin 
(Ibrnpnitopoiphyrin DC chloride) was supplied by Porphyrin Prod- 
ucts. Logan, UT. A chicken ^actin cDNA dons in pBR322 (insert 
1^ kb) was piovUled by S. Dalton and s chicken serum aftmmin 
cDNA ctone In pBR322 (Insert 2 kb) by A R Hobbs. AU other 
msterialB were purchased from sources previousbr described (9, 11). 

Treatment of Ammeit— Male albino Wistar nU (SQO g body 
weight) were given injections of AIA (80 mg) subcutaneously, 5- 
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aminolevulinata or itt nethyl estef (333 ng) via the intraperitoneal 
cavity, or hemtn (1^ mg) via the tail vein. For inducUon with AlA 
over 12 h, a second injection of AlA was given at 7 b. 5-Aminolevu- 
linate or hemin was given unmediately after AlA injection. Rata were 
treated with HCG over 48 b by repeated eubcutaneoue injectioaa (20 
units) at 12, 24» and 36 b; B-eminolevulinate was administered at 36 
h and total mRNA isolated after a further 12 h. To obtain anemic 
lata, phenylfaydnaine HCl (1.5 mg) was injected cubcutaneously on 
6 consttMtive days and mRNA isolated on the sixth dey. Anemic rata 
were treated with S-aminolevuUnate 12 h prior to death. 

For developmental studies^ Spregue-Dawley rate woe used. Fetal 
ages were estimated fhwi the tine of mating; malea were placed with 
females overnight and the foUov^g morning taken aa day D of 
geatation. Total RNA was isolated essentially by the method of Lhi 
ef oL (12) from pooled individuals of at least 2 Uttexa fbr each age. 

Corutruction and Scmfting of e Rat Lioer cDNA XibtiQ^Liver 
poly(A)* RNA from rats tnated with AIA was used to construct a 
cDNA lihxaiy. Double-stranded cDNA was eynthesiied by the pro- 
oedun of Gublar and Hofiman (13), and DNA greater than 1600 bp 
waa »nnm».\oA with dO-tailed PMlnligested pBR322 and transformed 
into Etctttrichio eoU MC1061. Recombinant plasmids weiv screened 
with a mixture of **P nick*ti«nslated probes comprising the four P»t\ 
inserts ftom the chicken 5-amiootevuIinate synthase done, plOGBl 
(»). . 

The done plOlBl waa sequenced by digestion of plasmid with 
dthsr HpaSl^ MI, Sau3Al, or To^I and frapnenta ae({uenoed by the 
Pfthod of Sanger ef at (14). 

Anatytk of RNA—Total RNA was isolated bom rat tissues by the 
guanidine hydrochloride extraction procedure of Biookar et oL (16). 
Po}y<A)^ mRNA was prepared by oligoCdD-cellulose chromatogra- 
phy. 

For Noithani hbt analysis, RNA was electropboresed in 1.0% 
agarose gels eontsining 1.1 M formaldehyde as described (11). RNA 
was transferred to nitrocelluloee rutere (BA85 from Schleicher & 
Schuell) and hybridised to the "P nick-tranalated rat 6-aminoleviili« 
aate eynthaae cDNA chma plOlBt (10 ng/ml) in a solution containing 
609 foimamide, 6 x SSPE (04) U NaCl SO nu sodium phosphate 
boffer. pH 7.0, 5 mfti EDTA), 5 X Denhardt*s (0.04% FScoll, 0.04% 
polyvii^lpyTTolidone. Oi>4% bovine eeium albumin), 0.1% SDS, OM 
■odium pyrophosphate, and 2D0 /ig/ml denatured salmon sperm DNA 
at 42 'C for aOb. Filters were washed finally in 0.1 X SSPBcontainhig 
(11% 8DS at 60 X for 40 min. For low stringency conditions fUtera 
ware bybridixed aa above and washed in a sohnion containing 2 x 
SSPE and ai% SDS at 60*C ibr 40 min. Molecular size markeie 
consisted of DNA fragments generated by Acrl digestion of pBR322. 

RNA was denatured and bound to nitrocelluloee filters using either 
a slot or dot blot apparatus (Schleicher & SchueU). Hybridization 
eonditions waraas dasieribad above. The amounts of RNA in Noitham 
and slot biota ware quantitated u^ng an LKB laser densilometar. 

Primer extension analysis using poIy(A)^ RNA from difierent rat 
tissues aad 6'-*^-labeled synthetic primers complementary to the 
coding strand of plOlBl was carried out according to the method of 
McKnigfat €t oi (16). Hw extended products were analyied by alec- 
trophofcaia on 8 M urea, 6% polyaciylamide gels with a dideoxy 
sequence ladder of M13 bacteriophage DNA aa siso standards or 
labeled HptOl fragments from pBRS22. 

RNttst Afqppu^— The three Ptil restriction fragments of plOlBl 
(see Fig. 6) were individuaUy subcloned into Pntl cut pG£M-l vector 
(Promega Biotech). Two probes, A and E. contained the 6' and 3' 
Ml fraipnenta of plOlBl, respectively (aee Fig. 6). The plasmid 
containing the laifwt PstI fragment of plOlBl was Anther digested 
with sppropriate restriction enxymes to generate three subclones of 
suitable sisa for RNese mapping; restriction enzyme removal of a 
fiomHI fragment (one BamHI aite in polylinker) generated a done 
for the protectioo of a 364-bp £flmHI*MI fragment (probe D). 
Digestion of the plasmid with Bg/II and Ifuidllf (potyiinker aite) 
allowed the religation of a done for the protection of a 631-bp PitU 
Bgdl fragment (probe B). Prdie C was generated by directionaliy 
doning the 699-fap BanM/Sail fragment into a BomHl/San cut 
pGEMl vector. 

RNA probes uniformly labeled with ("P)UTP were generated in 
u£rra from the five recombinant pGEM plaamidB using either T7 or 
SP6 polymeraae as described (11). Specific activities of about 10^ 
cpm/Hg RNA wen routinely obtained FuU-lengtb transcripts were 
isolated on a 5% polyecrylamide sequendng gel and eluted in 500 mM. 
ammonium acetate, 1 mM EDTA. 0.5% SDS for 3-6 h at 37 'C. 
RNase mapping using RNaae A and Tl waa carried out as described 
previouBly (11) and protected fragmenta analysed following electro- 
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phoresis on s 6% polyacrylamide sequencing gel and autoradiography. 

Nuclear Trwcription Assqye--Nudej were isolated from rat liver 
as desaibed by Schibkr ef aL (17). The transcription reactions 
contained 100 mM Tris-HCl. pH 7.0. 50 mM NaCl, 5 mM MgCU 1^ 
mM MnCIs, 0.4 mM EDTA, 0.1 bM phenyhnethyleulfoqyl ihwiida, 
1.2 mM dithiothroitol. 30% glycerol, 2 iM UTP. 1 mM each of ATP, 
CTP, and OTP. 100 mQ of la-'*PjUTP, and 1.6 X 10' nudd in a 
final volume of 150 mI* These weie incubated at 26 *C for 16 min, and 
"p.Ubeled RNA was extracted as described by Vannioe et oL (18). 
Rata wero induced with AIA for 4 h. When -5*ttminolevuUnate was 
administered, H waa injected 10 h prior to AIA treatment and the 
nuclei piepaied 4 h later. For quantitation of specific transcripts, 5 
/tg of the appropriate cloned DNAa (double-etranded DNA from the 
chicken serum albumin and (7-actin cDNA clones or single-stranded 
DNA from an M13 phage done containing the 1.7-kb Pwtl fragment 
of plOlBl) were denatured and applied to a nitrooelluloae filter using 
a dot blot Bjqiaratus. Filtaia wcf* prehybridised In 1 ml of 60% 
formamide, 5 X SSC. 10 mM Tria-HCl, pH 7.6. 1 mM EDTA, 0.1% 
aodium pyrophoephate, 0.1% SDS, 100 fig/ml B. eoU tRNA, and 0.2% 
each of FkoU, polyvinylpyrrolidone, and bovine eerum elbumin at 
52 *C overnight Hybridization was carried out in the same solution 
with 2 X 10* cpm of "^-labeled RNA for 72 h at 52 *C. Fdters ware 
washed twice at room temperature for 30 min In 2 x SSC, 0.1% SDS, 
0.1% aocfium pyrophosphate and then twice in 0.5 x SSC, 0.1% SDS, 
0.1% eodium pyrophosphate at 66 *C for 60 min. The hyfaridiiation 
signals were quantitated by laaer Hanaitnmetiic anmning 

RB8ULT8 

iBolation of Bat Uver S^AminoUvulmate Synthase cDNA 
Clones-— A cDNA library was conBtnicted using poly(A)* RNA 
from livers of rats Induced with the porphyrioogenic drug 
AIA. Size-selected double-vttaiided cDNA was used to con- 
struct a library of 4800 recombinant dones which ware 
screened using a miiture of "^-labeled cDNA probes prepared 
from the four Pet I fiagmenta of a previously isolated cbJcken 
liver 5*aminolevulittate synthase cDNA done (9). Four dones 
gave positive hybridization eignala, and the largest of these, 
plOlBli was aequenoed. The aequence contained an open 
reading frame of 1929 nucleotides from nucleotides 17 to 1946 
giving a predicted piotdn of 642 amino acids (Fig. 1). The 
sequence of the first 16 N-terminal amino acids of mature 5* 
aminolevulinate synthase purified from the mitochondria of 
drug-induced rat Uver (19) was determined and shown to be 
Identical to that deduced from the nudeotide sequence of 
plOlBl from position 185 to 229. This shows that the gluta- 
mine (at nudeotide 185) is the N-tenninal amino add of the 
mature protein. Upstream from this codon thsre are three in- 
frame d(ATG) coctens. The d(ATG) codon at nucleotide 17 is 
assumed to be the initiation codon sinoe it would result in the 
translation of a 5 -aminolevulinate synthase precursor with a 
presequence of size 6 kDa in agreement with the sixe estimated 
from previous studies (19). 

The deduced protein sequence of rat liver 5>aminolevulinate 
synthase precursor was compared with that of chicken (9) and 
mouse (7). The sequence of rat precursor was very similar to 
that of chicken, both in the N>tenninal presequence (56 amino 
acids) and over most of the mature protein sequence. Surpris- 
ingly, the ret protein sequence showed less overall homology 
to the mouse enzyme, and indeed no homology existed within 
the presequence segments. 

Sonhem AnalysU of S-AminolemUnaU Synthate mRNA-^ 
The size of 5-aminolevulinate synthase mRNA in different 
ret tissues was determined by Northern blot analysis. Total 
RNA was isolated from the liver, kidney, brain, and testis of 
untreated rats. Tissues were also examined following treat- 
ments which are known to elevate 6-aminolevulinate synthase 
activity levels; for this total RNA was isolated from AIA- 
treated rat liver and kidney, HCG-tieated nt testis, and 
spleen of rata rendered anemic by phenylhydrazine treatment. 

The RNA samples were fractionated on a formaldehyde 
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agaiote-deiuturing gel and probed with ''P-labeled plOlBl. 
lo all tiBBues, onHy a single 5-anunoleviilinate aynthase nRNA 
qiedea was detected, estimated to be 2.S Ui in length (Fi^ 
In eonw tracksi veiy faint «itn bands weie visible and were 
probably due to nboaomal RNA. The resiths therefore show 
that there is no differenee hi size between 6-aminolevulinate 
synthase mRNA from either untreated or indoced rat tiiosues. 

h was also of interest to determine the 6-aminolevulinate 
synthase mRNA during fetal development A single 5-ami- 
nolevulinato ^thase mRNA qiedes (2^ kb in length) was 
detected at day 14 of gestation when the liver is large^ 
eiythroid tai nature (20) through to the adult stage (Fig* 3). 
ThB level of mRNA peaked prior to bbth at gestation days 20 
and 21. This level then declined aignificantly at birth and in 
the adult had returned to the level seen prior to birth. 

Primer Extension and RNase Mcpping Studies of S-Ami- 
nokvuUnate Synthase mRNA from Rat Twauea—Further 
studies were carried out to detenmue whether 6-aimnolevu- 
linata synthase mRNA was identical in dUIerent tiasuea of 
rat Of particular interest was the relationship of the noner- 
ythraid to ezythroid mRNA in view of the proposal that these 
mRNAs are distinct in the chicken (6). A 5'-7-*'P-labeled 23- 
nudeotide oligomer complementary to the coding sequence of 
plOlBl from nucleotides 17 to 40 (Fig. 1) waa used in a primer 
extension resction on polyCA)"^ RNA isolated from tissues of 
untreated and treated rate (see legend to Fig. 4). With all 



mRNA samples, two bands, 144 and 147 nucleotides in length, 
were Been foUowmg electropboresis of the eirtenaion pxoducte 
and detection by autoradiography (Fig. 4). Such doublete have 
been observed {ueviously and may be due to an artifact of the 
reverse transcriptase reaction (21) or to initiation of mRNA 
synthesis at an alternative nucleotide. A second set of primer 
eztonaion reactions was performed using a primer oosqile- 
mentaiy to a sequence in the 6'-untranalated region of plOlBl 
from nucleotides 3 to 2& The rationale for this was that 
different mRNAs in different tissues may be homologous in 
their coding sequences but different in the 6'-untranalated 
re^on. \^th all tissues a doublet was observed with bands 
108 and 111 nucleotides in length (result not shown). The 
reaulto auggest that the S'-untranalated region of the &-ami- 
nolevulinate synthase mRNA from different tissuea ia the 
same. 

Aa indicated earlier, the B'-untranalated re^on of plOlBl 
is 16 nucleotides in length. The primer extension analysis 
indicates that in the mRNA, this region is 100 or 103 nucleo- 
tides in length, and plOlBl is, therefore. 84 or 87 nucleotides 
short of being iull-length. 

For RNase mapping experimente, five (o-'^PJUTP-labeled 
RNA probes complementary to rat hepatic d-aminolevulinate 
aynthase mRNA were aynthesized by in vitro transcription of 
pGEM-1 plasmids containing appropriate restriction frag- 
mente of plOlBl (see Fig. 5). The probe sequences {A-E) 
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Tto, 2. Northern blol aBatsmb of '(^amliiolevuliiiate gyn* 
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of davelbpment wbm resolved do a fonnaldefayde/agaibae gd and 
hybridized to nujc*traDaUte^ The uze of the mBNA 

estimatisd as in Tig. and aRNA leveU wera'<runtitated . from the 
Northen)' blot by dsa^tometric scanning and ahovra u W/^r^ 
^yf^ipiP of :RNA weie showB io be uniform by. cthidiani' bromide 
. staining of tiw gd. G,^gS8tatkin dqr, D, day firibwing birth; AD^'adolt, 



complemeQi^ IQ mSHNA'yrml^ 631» G99;3^ axid 2X6 
nudebttdn iA lenfttb* I'eapectively, and qpanaed the entira^ 
sdRNA Except for 83 nucleotides not: present tn the cdNA 
done at the extreme 5'-end and 90 nucleotides between. the 
Bglli and So/I sites (sw Fi«. 6), Pofy(Ar RN^ 
hybridized to .these, probes/ and >no^ i^RNA was 

digested with RNase A and TlvThe pioit^^^ radiolabeled 
fragnienta were resolved on a 5% pbts^BCtyliBi^^ 
geL 
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Fia 4. Primer cckt«udpD aBa^yals of . O-aa^ 
synthase mRNA bVarldimHt dwnicanjri^ ; 

23-nucledtide oUgo^ was 5'-|ibo8ph0;iyl4tad with it^rPlATP'and 
used to prb>er.extend.ira iK>j^(Ar R>U-firom ontiil^^ 
Jig) (Ibtm 2); brain («> Kg) Va^4H he^ X^ #ig);^(Aine^;:myt^^ 
mtero (50 |ig) (lone m AU-truted tat fivef (6>g).(^ 
(10 *ig)' (lane 5); BCXJ-tieated; rat tdlis llO Mfl^w 
were analysed on an 8.M 6% pic^yiKii^^ .with?F*laib^ 
i^ran fta^nBenta'Aom jpB 
147 and U4'-nuaeoUdesin.laiigtls't^^ 

!^>^1iv«r and eiythioid sptocn^^ : 
were enqidpyed. Frajgznents rapieiieii^ 
pxoductB ifor each probe were obeeiv^ 
mRNAs are very likely identu^?d||j^£^^ 
spans ti^ 3'^ncodirigaiid.^^e^fiv^ 
bands simaller thim the eziw^^ 
nucleotidfis (I^V6).:Th(S8e 

1?y heterogeneity in:^^^^ : 
liver inRNAl/In other expiii^^ 
with niRNA from livei^iiludii^^ of 



^^^d-ftom. 



'■:untiea:toa:^rata, fr^ 
.; testwif;HGG-tre^ 

expected 63i-iiu(^e<^ 

ex^xninied <resuhi)!inot s^ 

getber with Nbriher^^oi^a^^ 

provides compeUing^evidiutceitl^ 

•mKN A is .identical'iinr^ 

.mANA m Adit 7V^^ was ispUted £rt)m tissues 

of untreated rats, and 5-aminolevulinate synthase mRNA 
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Fio^ 6. BNwe mapping of xm% 
Uver asd «rytliroid fpleeii S^ami- 
noIevnUnate eynthaiae inRNA. The 
cDNA dbiM. plOlBl, it npraentMi in 
tin upptt pan of the ^figitie. with the 
oo^&g and noncwfing region* depicted 
«i heauy and UghtUnetinep^Oj^, The 
dMd4e-headed arrowt below show the le- 
Ifitiond^of the RKA probee A-£ to 
plOlBi. "P'Labeled RNA piobes were 
faybridoed to 2^ |i« of poly(A)* RNA 
ftcmiAIA-induced Uver (im 3) or e^tb* 
1^ qtlees (ibne. ^ and iocohiited vith 
RNate> A and Tl. Piobee in c ubated in 
the ebaeb^ of jpo]y(A)^ RNA were either 
untreated (luie 1) or treated (tone 2} 
with RNaae A end Tl. Protected frag- 
mnite wen ana^yad by electropboreflla 
and autoxadiogrqphy as: deecribed undo 
"Experimental Proceduiea." The num- 
here displayed to the right of. panel E . 
correspond to the expected nucleotide 
lengths of the protected fiagmanta. nit, 



■ <...;. .-Z-fe:..,! 



i 
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Flo. $. Measurement of baaal CHunindlevQUnj^te {ALV) 
eynthase mRNA leviels In rot tiasoes. Total RNA (10 ^g) frab^ 
tisfues of untreated rats was applied as slots on nitrooeUuloae and 
bybiidixad to the nkk-tmnslated F9tl inserti) pfplplBl. 6-AjninoliBw*. 
ulinate synthase mRNA levels were quantitated by dehsitometrie 
•canning and shown as bar gr^phe, Lang i; livei; km% lddney;:laiie 
3, heart; tana 4, brain; hnei, testis. 

amounts were quantitated. As cao be seen in Fig. 6, the heart 
has the highest level :Of 5-amin6levulinate syhthaiBe mRNA, 
slightly above that of the Uver» while in kidney, brain, and 
testis there is approximately half this level 

£//ee( of Hemin and S-AminolevuUnate on S-Aminoleuuli' 
note Synthase niRNA Levels in Untreated and Drug-treated 
Aots—The effect of hemin on liver S-aminolevuUnate syn- 
thase mRNA levels waa firat examined. Fig. 7 ahovva that 



yZ-^'^^^VVSiS:®.— ^ ^ 

':.s:-^'^A:^:i^;f:^ .15 "20; 

■%-r:<f '-^'J^x^rM TOTAt^ RNAlufl) 

• . -c-^v '-^"'''^ ■ ■ 

A B C D RNAlpQl 
Sf 
10 




PlO. 7. Effect of hernia on 5-aminolevolinate {ALV) wyn- 
thaae nRNA levels in ratUver, Total RNA was isolated liom rat 
liver 2 h after administration of AIA, haaia, or both. Amounts of 
totAl RNA (5-20 |tg) were applied as dots on nitroceUuIoae and 
hybridised to the nick^translated Pitl inserts of plOlBl. mRNA 
levels were quantitated by densttonietrie scanning. Lane A. AIA 
treated; lone B, AIA and. hemin treated; tone C, untreated;. loJiS'il, 
hemin treated. 
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FM. 8. MeaanremMit of ft-aminQlevnUiiale (ALV> lyBtliaM nRNA. lerels in ni tiame* after 6* 
BiiilaoleviiUiiat« treatmeot; Total RNA (10 fig) from tissues 12 b after adauustiaUoD of MA or 5*aioino1^- 
iinate and firom testis after HCG administration was applied as slots on nitiocelhikMa and hybridized to the nkk- 
tniD^atad Pttl inserts of plOlBl. mRNA levels were quanUtated hy deneftome^ ecaiming aiid:shomi as bar 
Krepha. Panel A, Uver; panel B, kidney; ponel C, heart; panel D, erytiiroid^leen; panel £, brain; panel /, testis, 
lane /. untreated; tone 2. AIA treated; iane S^inolevulinate treated; fane V, AIA and j^aninolevulinaU treated; 
fane A 6^aol«vuiiDate-oiethyl ester treated; fane 6, HCO treated; fane e, BOG and 6-amioolevulUista treated. 



treatment of rata with the drug AIA over a 2-h period in* 
creased the level of 6-anunolevulinate synthase mRNA (Hg. 
7t A and C). AdminiatraUbn of hemin either to drug'ttreaiied 
or untreat«i rata reduced the level of S-axninoleyulinate synr 
tbase mRNA to below that of hasal levels (Fig. 7, B a)id D). 

In amiiar studies it was found that hemin had no effect on 
the mHNA level in the extrahepatic tissues investigated (data 
not shown). It was possible, however, that .ii\jected hemin was 
not reaching or not^enteiing the cells of these tissues. Ander- 
son ee qL (22) has leported that administered 5-amiiiolevuli- 
nate is fakcn up by WOy ^ties. and convprtej rapidly to 
borne. The effect of S-^anunolevulinate on 5-aminolevuUttate 
synthase mRNA levels in itifiimit lai tissues was, therefore, 
studed in both nomal and dxug-tieated animals. Of Ibe 
tissues studied only liver and ludb«y showed induction 
AIA; 6-aminolevulinate admiiiistration conipletely prevented 
the increase in mRNA levels in both tissues (Figw i^pan^A 
and B). $imilarly, basal levels of 6-amihQlevulinate synthase 
mRNA in the liver, kidney, heart) and testis were reduced hy 
5-aminolevulinate to low levels (Fig. 8). In the case of brain, 
5-amiriolevulinate had no effect, but the methyl ester deriva* 
tive of S-aminolevulinate significantly reduced the mRNA 
level (Fig. &, panel E) presumably because this compound can 
readil^ cross the blood-brain barrier. Erythroid spleen was an 
exception with 5*aminolevulinate treatment resulting in an 
increase in S-aminolevulihate synthase mRNA levels (Fig. 6, 
panel D), 



In other experiments, It was shown that 5-amihoIevulihate 
prevented the HCG induction of 6*aminolevulinate synthase 
mRNA in the testis (Fig. 8, panel F), 

In all the experiments described here the level of /7-actin 
mRNA in the tissues was quantitated (see Fig. 8, but not 
shown graphically) and was fomidtp be essentially unchanged 
indicating that Uie response of 6-ajninolevulinate synthase 
mRNA levels to AIA, HCG, or S-aminolevulinate did not 
reflect a general cellular event We also'measured 5-aminolev- 
ulinate synthase activity in homogenates of all tissues exam- 
ined above, and the amounts detected correlated closely with 
the changes observed in 5-aminolevulinate synthase mRNA 
levels (results not shows). 

Hemin Acta at the Tranecriptionai Level in the Liver^Tbe 
experiments described above show that in different tissues 
AlA and heme regulate the levels of 6-aminoIevulinate syn- 
thase mRNA. We investigated whether, in liver, this reflected 
transcriptional control Rat livers were removed, nuclei iso- 
lated, and gene transcription activities quantitated In this in 
vitro system, it was established that incorporation by the 
nuclei of (a-*^]UTP into total RNA was linear for at least 
30 roin, and the extent of incoiporatton was similar in nuclei 
from untreated rats and rats treated with AIA, 5-anunolevu- 
linate, or both. Additionally, a-amanitin (2 Mg/nU) in the 
reaction mixture inhibited total RNA syntheeiis by about 40%. 
and completely inhibited the synthesis of specific transcripts. 
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quesHoD ever since. It was ori^^naUy postdated that heme 
and drags compete for a site, on a geDeHxmtiolItna piotein. 
lliis was rendered improbable hy the work of Siivastava ee 
oL (23) who showed that heme repxcsnon appeared to be the 
Bole control and tbatdrag inducUpn was probably a seeondaiy 
consequence of heme removal (reviewed in Ref. 1). Sinee the 
oHginsl postidate, ft has been variously claimed that heme, 
works at the translational and transcriptional level, and conr 
siderable ooniiision has existed (1). was, in part, due to 
studies b^g done at the enzymic level and to the complidir 
tion that henitn prevents eh^ of newly synthesind 5^ami« 
nolevulinate eynthase into the mitochottdrion.Xl). 

in this work we. have eitudied 6raminoleyulihaite synthase 
eohtrol it the ooRNA level To this end a cDNA^elone ficv rat 
liver d-aminoievulinaie^^thase has been isolated and se- 
quenced. Using probes deiived tein4hi8« control of S-amlno- 
levulinaie synthase .mRJHA to. variona rat tiasue* has.be^n 
examined. 

The first question investigated was whether there exists in 
rat. a single mRNA for S^amiholevulinate synthase or a mul- 
tiplidty of them; This question adses from the suggestion 
thiat a family of jS^aminplevulinate synthaae genes exists in 
chicken (6). t%e results here giv^ compelUng^evidettee that 
the S-aminolevuUna^ .synth^ in all rat- tissues exr 

aoiined Is itbe sme and <that only a single Q>ecte8 exists: This 
is in.keeping with our rmnt cqiMihision that the.eiythroid 5* 
aminoley]i4inate syn for'by the same 

gene as Uiat in the liver (11)* .Th9 .work also: sh^ 
rat liver 5-aniinoievuUnate synthase mRNA present during 
fetal development is indistinguishable on Northern blots from 
the adiih form. 

Although drug induction of 5-aminolevuilnate ^thase in 
liver is well knovm, . the induc^ has .not 

; b<»n Wil docuittented^ We show lusie^t^ 
Bynthasc» ;nJRNA is ti^^ and :! 

of the 5.aminolevu)inate syrith^ W W 

ministraUon of thia compound ti^uSfeata^liia^^aitSP apflprotain 
reduced the low basal tranicHirtidiiri-^^^ _ 
ulinate synthase gene (Fi^^ 9). Administiatibu of i^ai^ 
uUnate to AIA-t^ated rats pre^ the: dnii-i^diie^ 



A a 0 0 

AlBUMIN 



A B e 0 

p-ACTIN 

Fip* 9. Effeet of l^aminoleviiUBate da 6*ainiii6leviiliBate, 
{ALV) eybtliase gene traBscriptloB. Rats were teeerted -inth AIA. 

h. 'SrAsunobvulinatevaB BdnUiustereid 10 b pnbr tb AIA*. oikl 
:(^]K!^ fmbie<n^ iw^Ud from let^ye' nudd and Ha^rid* 
isBd to liS^railien^im^^ doned DN^ TraBaoiptiiOD rates 

vim quaijti^ aiid 
dsDtidMiiiifaib^ $B par.gn^ alter oonecUon fin 

the.fl|piDf)mte eoiitiols. A, untreated fata; jB,.AIA 

trea^rCi 'S^mbwi^y^^ .treated; .J?, AlA uid>«iiu^^ 
trea&l .DNA;doReci;fi^ C^wniDOlavuH&ate -a^ 2, 
Ml8fbpl9;^iainir 5, chickeb; jSfaie^- W:4, cludceo aenm .elbuzDia; 



crease in the rate of gene transcription (FigJ 9); A correejiond^ 
sxig reduction in the level of hepatic S^aminoleyuUnate/syn* . 
thase mRNA was observed (Fig: 8, paneM). ThrougbcHit tlpn. 
wo^ the tranaicriptionAl rate of the serum albumin ;^gen 
ijneasured as a.control was unchanged although that of the./{- 
actin gene was slightly elevated by either AlA or (-amizibley- 
iilinate treatment (Fig. 9). The reason for the latter; is un- 
known. Other control experiments established that the pie$i 
enoe of 6-aminotevulinate (60>u) or hemin (0.01-10 ^m) in 
the transcription reaction had no effect on any of the genes 
under test Overall, these results demonstrate tbat.in the Jiyer, 
AIA and 5-aminolevulinate treatment modulates B-aminoliev- 
ulinate synthase mRNA levels by altering the rata of gene 
transcription. 

PISCUSSION 

The early work of Granick (3) established that in chick 
embryos drug inducibility of hepatic S-aminolevulinate syn- 
thase activity is prevented by the simultaneous administration 
of heme. The mechanism of this has remained a central 



■.pe^lildii^^ the Iwial 

f ieyei-bifiS^^ onfy I3ie drug- 

istin^iilt^/i^^ wbetber ttdis benie control ia 

cbialjhed$»1iyer;^^^ tlua paper eatabliah that heme 



in ail: isit tissues studied, with the except of erythroid 
•spleoDi With both basal and ind^ levels-being affected In 
erythroid aplera the level of 5-aininolevulihate synthase 
nJlNA was elevated. Possibly tiiis is indirectly due to the 
induction of heme oxygenase (26). A reservation in this work 
is that possibly for cell permeability reaaorw, administered 
hemin altects onSy liver d-aminolevulinate synthase ntRNA 
ievel& However, administered 5-aminoievulinate (or its 
methyl ester in the esse of brain) lowers the 5-aminolevuluiate 
synthase mHNA level in all tissues except spleen. It seems 
most probable that repression by heme is being observed since 
there is no evidence that S-ainiDolevullnate iteelf has a regu* 
latory role, and it is known that injected 5-aminoleviilinate ia 
rapidly converted to heme in many tissues (22). 

* G. 8rivBatava» unpublished data. 
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A final queatioo concerns the level at which heme control 
is exerted We have conclusively established that in liver, 
heme regulates S-aminolevuUnate synthase mRNA levels by 
acting predominantly, if not exclusively, to inhibit transcrip- 
tion of the 5*aminolevulinate synthase gene. 

This work places the 6-aminolevulinate synthase gene in a 
small group of animal genes (26, 27) known to be negatively 
contiollMl hy a metabolic end product The molecular basis 
for the regulation of the 5-aminolevulinate synthase gene is 
an important problem to be investigated. 

AeknowtedgmentfYft would like to thaak W. R ElUott for val« 
ushle discussions throughout the course of the work and for critically 
reading the manuscript The eioellent technical asaistance of M. 
Cresp is gratefully adoiowledgedL 
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